We demonstrate a strong tunability of the spin-pumping contribution to magnetic damping in a thin-film ferromagnetic free layer interfaced with a synthetic ferrimagnet (SFM), acting as a spin-sink, via a thin Cu-spacer. The effect strongly depends on the magnetic state of the SFM, a trilayer structure composed of two Fe layers coupled via indirect exchange mediated by a Cr spacer. With increasing Cr thickness, the SFM state undergoes a transition from an antiparallel via a non-collinear to a parallel configuration. We can explain the corresponding non-monotonous dependence of spin relaxation in the free layer in terms of a modulation of the longitudinal spin transport as well as relaxation of the transverse angular momentum in the SFM. The results should be useful for designing high-speed spintronic devices where tunability of spin relaxation is advantageous.
I. INTRODUCTION
portant parameter is the orientation of the magnetization with respect to the resonating layer (F). The parallel/antiparallel and non-collinear magnetization configurations can lead to different distributions of the spin currents in the interfacing nonmagnetic layers (N).
As schematically shown in Fig. 1(a)-(b) , the magnetization orientation in the non-resonant (static) layer changes the spin accumulation in N, which in turn affects the spin dynamics in via the same mechanism as that of spin-transfer-torque 15 . This contribution depends on the magnetization misalignment angle ∆φ between the F/N and N/SFM interfaces as sin 2 ∆φ, and remains effective even for thin layers (thickness much smaller than λ).
The spin-pumping related magnetisation damping for the non-collinear magnetization configuration has been investigated theoretically 5, 6, 16, 17 and to some extent experimentally 18, 19 .
However, no comprehensive experiment has been reported on how spin pumping, relaxation, and precession vary versus the respective changes in the mutual magnetization orientation.
The key issue, at least for the standard FMR measurement layout discussed in the above studies, has likely been the difficulty to realize a well-controlled non-collinear and/or antiparallel state. Namely, exchange biasing by an antiferromagnet used to create unidirectional anisotropy in one of the ferromagnetic layers 20 (a few hundred Oe at room temperature) or intrinsic magnetic anisotropy 19 are usually too weak to ensure anti-/non-collinear alignment for typical FMR biasing fields (kOe range for transition-metal ferromagnets). Therefore, typical FMR experiments study predominantly the parallel magnetization state, where the the spin-pumping effect results in enhanced magnetization damping 21, 22 .
In this work, we implement a novel multilayer design, depicted in Fig. 1 , which enables us to systematically study the spin-pumping contribution to the magnetization dynamics for parallel, antiparallel, as well as non-collinear mutual alignment of the resonating and static magnetic layers. The key element of the design is a synthetic ferrimagnet (SFM) trilayer were performed using a vibrating-sample magnetometer (VSM by Lakeshore Inc.). The FMR measurements were performed using an X-band Bruker ELEXYS E500 spectrometer, with the external magnetic field H applied in the film plane and perpendicular to the rf field h ∼ . The FMR spectra were measured using two configurations: (i) h ∼ was oriented in the film plane (h ∼ ⊥ n) and (ii) perpendicular to the sample surface (h ∼ n). (n is the normal to the sample surface.) All measurements were performed at room temperature.
B. Static magnetization curves
The in-plane magnetization curves are obtained by recording the total magnetic moment m of the main-series samples versus a varying applied magnetic field H. The ensuing curves, normalized by saturation magnetic moment m s and depicted in Fig. 2 , exhibit three distinct contributions from the three magnetic layers. Sweeping the magnetic field down from the saturation, the magnetic moment of the thin Fe(2) layer switches first due to the antiferromagnetic RKKY-exchange coupling to the thick Fe(6) layer. The latter, being the thickest, aligns with the applied magnetic field since that corresponds to the lowest Zeeman energy for the system. On reversing the applied field, the soft NiFe layer switches first, in a relatively low field, after which a simultaneous switching of the Fe(6) and Fe (2) 
C. Magnetic resonance
All in-plane FMR spectra for the main sample series for both measurement configurations Fig. 3(a) ) and h ∼ n ( In order to better understand the observed resonance spectra, we now turn our attention to the reference SFM samples (Fig. 4) . (6) as well as NiFe(5) for d Cr < 1.5 nm.
As detailed in the following section, we interpret this dependence of the damping parameter α in NiFe on the Cr thickness in terms of an effective spin relaxation length of the SFM, λ SFM , for the anti-/collinear alignment, whereas the nonmonotonous enhancement of α for the non-collinear configuration is explained within the mechanism of spin-transfer-torque absorption at the N/SFM interface.
When NiFe is irradiated with a microwave field, a precession of its magnetization about the equilibrium orientation is excited. This leads to a spin-pumping current 1,4 injected into the adjacent Cu spacer, which transmits it to the SFM without a significant reduction. The SFM absorbs part of the spin current, which is dissipated via spin relaxation, parametrized by λ SFM . The remaining current is reflected and constitutes the so-called 'backflow' 4 . Hence, the net spin current lost by NiFe is given by the difference between the spin-pumping and backflow currents, which in turn is roughly equal to the current absorbed and relaxed by the SFM. The spin current lost by NiFe accounts for the additional damping in the magnetization dynamics 1 . Thus, the enhancement in damping of the NiFe magnetization precession is larger when the spin relaxation in SFM is stronger. Our results can then be understood as due to an increase in spin relaxation in the SFM for increasing Cr thickness. While comparing the parallel and antiparallel states, an additional factor may come into play -the spin dependent conductances of the SFM should be different for these two states, similar to the mechanism of the giant magnetoresistance effect 26 . In the field region, where the SFM is transiting from the parallel to the antiparallel state, we observe hysteresis in the static magnetization curves (Fig. 2) as well as the L N mode in the FMR spectra [ Fig. 3(b) ].
This behavior is naturally associated with the unsaturated state of the SFM, having a noncollinear alignment of the interface magnetization with that of the free NiFe layer. If the resonance field of NiFe is within the field interval of the SFM's non-collinear regime, the transverse component of the spin-pumped current is effectively absorbed at the Cu/SFM interface via spin-transfer-torques, thus, enhancing the magnetic damping in NiFe. 
where the first and second terms under the sum are, respectively, the Zeeman energy in an external field H and the magnetic anisotropy of the i-th ferromagnetic layer. The RKKY bilinear exchange constant per unit area J can be expressed through an effective exchange field H ex averaged over the layer. Experimentally, H ex equals the saturation field of the magnetization curve and relates to J as For a proper comparison, the calculated curves were scaled by the magnetic moment of the NiFe(5) layer and fitted to the experimental data shown as filled grey loops in Fig. 6(a) .
This approach yields the field dependence of the total magnetic moment of the SFM and the equilibrium orientations of the Fe(2) and Fe(6) layers, angles φ 1 and φ 2 , respectively the crystallites' boundaries that can act as nucleation centers for domains or at least local spin perturbations. We thus speculate that the L N line is due to an unsaturated resonance, reflecting an inhomogeneous, non-collinear magnetic state of SFM.
B. Spin pumping mediated damping
In this section, we discuss a qualitative theory of spin pumping mediated damping in the multilayered structure of interest. The FMR driven F layer pumps spin current into N 1 . A part of it is absorbed and dissipated by the SFM, while the remaining current is returned to F as backflow (Fig. 1) . It is the spin current absorbed by the SFM which constitutes the net loss of spin by the F layer and thus leads to an enhanced damping. For simplicity, we model the SFM as a single ferromagnetic layer with its spin relaxation length depending on the magnetic states of the two constituent Fe layers. Thus our multilayer structure may be regarded as an effective trilayer F/N/SFM within a simplified picture.
In the limit of negligible spin-flip scattering in the system, F/N/F structures are predicted to exhibit highest Gilbert damping for collinear magnetizations in the two ferromagnets 4 .
Furthermore, in this limit, the spin pumping mediated enhancement in Gilbert damping is independent of the spin-sink layer thickness. In arriving at these conclusions 4 , it is additionally assumed that the FMR condition for the driven magnetic layer F is well separated from that for the spin-sink layer F, such that the latter may be treated as static, thereby circumventing any effects of dynamical exchange coupling 6 .
Based on our experimental observations, we infer that dynamical exchange may be disregarded. However, a strong spin relaxation in the SFM layer leads to a behavior different from the above stated expectations, which are based on the dominance of transverse spin absorption. Thus, with the aim of achieving a qualitative understanding, we assume that the dominant contribution to the spin current absorbed by the SFM comes from the longitudinal spin transport and relaxation. A detailed model including the transverse contributions as well as anisotropies shall be discussed elsewhere.
The effective spin mixing conductance, that determines the spin current lost by F after accounting for the backflow, is given by:
where g F is the real part of the spin mixing conductance of the F/N interface and g SFM is the longitudinal spin conductance of the SFM layer, modeled as a single ferromagnetic layer as discussed above. We have disregarded the spin relaxation in the N layer and the typically small imaginary part of the spin mixing conductance, for simplicity. g SFM is evaluated
as 4π times the ratio of the longitudinal spin current injected into the SFM layer by a longitudinal spin chemical potential at its interface with N. To this end, we solve the diffusion equation in the SFM, which is treated as a single magnetic layer with effective thickness L SFM , spin relaxation length λ SFM , and spin dependent conductivities σ ↑,↓ , while imposing the boundary condition of vanishing spin current at the far end of the SFM. The longitudinal spin conductance is obtained as 27 :
where S is the interfacial area. From Eqs. (3) and (4), we note that a larger enhancement in Gilbert damping results from an increasing g SFM .
IV. DISCUSSION
We now interpret our key experimental results presented in The SFM enters a non-collinear regime for the intermediate Cr thicknesses, d Cr = 1.5 and 1.7 nm, in which the spin-flip scattering is expected to be much stronger due to the increased magnetic inhomogeneity. This leads to a much smaller λ SFM and, hence, larger g SFM . We
indeed observe a larger damping in the non-collinear configuration of the SFM (Fig. 5 ).
In addition to the above outlined mechanism, spin-torque-like absorption of the transverse component of the pumped spin current at the N/SFM interface may also contribute to a larger spin absorption by the SFM layer in the non-collinear configuration. This latter absorption mechanism is not captured by the simplified model based on the longitudinal spin transport considered above.
Based on our observations, one can imagine a number of approaches for ex-situ control of magnetic damping in multilayers. In a broadband FMR configuration, for example, one 
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